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such as advanced biofuels and bulk chemicals, accumu-
lation of the final product can negatively impact the
cultivation of the host microbe and limit the production
levels. Consequently, improving solvent tolerance is
becoming an essential aspect of engineering microbial
production strains. Mechanisms ranging from chaper-
ones to transcriptional factors have been used to obtain
solvent-tolerant strains. However, alleviating growth
inhibition does not invariably result in increased produc-
tion. Transporters specifically have emerged as a pow-
erful category of proteins that bestow tolerance and
often improve production but are difficult targets for
cellular expression. Here we review strain engineering,
primarily as it pertains to bacterial solvent tolerance, and
the benefits and challenges associated with the expres-
sion of membrane-localized transporters in improving
solvent tolerance and production.
Significance of solvent tolerance in microbial strain
engineering
Metabolic engineering has been applied to various micro-
bial hosts for the production of compounds spanning phar-
maceuticals to bulk commodities. In every case, the
discovery and optimization of the bioconversion pathway
is an essential starting point. However, metabolic engi-
neering for the sustained and reliable production of valu-
able metabolites is a complex and multifaceted effort [1–
5]. Host strain engineering that focuses on alternative
aspects beyond the primary bioconversion pathway can
lead to additional improvements in production levels and
strain stability. These improvements are most relevant
where productivity needs to be maximized to achieve
economic value, as is the case for biofuels and bulk che-
micals [6–8]. One common aspect of strain engineering
arises from the need to alleviate any cellular burden that
limits production. In the case of biofuels and other solvent-
like chemicals, product toxicity is one of the main bottle-
necks in achieving optimal production. Since overcoming0966-842X/
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tolerance mechanisms, this specific area of host optimiza-
tion has recently been termed tolerance engineering [2–4].
Many compounds of industrial value are solvent-like
hydrocarbons and range from polymer and plastic precur-
sors to fuels. In the past decade, production of an impres-
sive array of solvent-like compounds has been
demonstrated in microbial hosts (Table 1) [1,9–11]. The
motivation underlying the development of sustainable and
biological routes to manufacture these compounds is a
densely and thoroughly reviewed topic [1,7,10–12]. It is
worth noting thatmicrobial production of these compounds
is distinguished from the production of fine chemicals by
the eventual scale at which the process will have to be
implemented to be economically viable. Further, many of
these compounds negatively impact the growth of microbi-
al production strains. The past decade has seen an abun-
dance of efforts in understanding the cause and
mechanism of solvent stress. Moving forward, the field
must focus on how to apply these discoveries to alleviate
the sensitivity and improve microbial robustness. Here we
briefly review the present knowledge around solvent tox-
icity and notable recent advances in developing solvent-
tolerant bacterial strains, and focus on gene targets that
have led to improvement in production. In particular, we
review the role of transporters in tolerance and strain
engineering.
Mechanisms of solvent toxicity in bacteria
Microbial solvent tolerance is not a new area of research.
This topic has been explored from the viewpoint of biore-
mediation of hydrocarbon spills and contamination, bioca-
talysis using wholemicrobes in two-phase solvent systems,
and the production of solvent-like compounds. Several
recent and thoughtful reviews [3,4,9,13–16] and compre-
hensive systems biology studies [17–27] focus on evaluat-
ing solvent tolerance across numerous bacterial hosts (also
see Box 1). Although a given solvent will elicit specific
stress responses, some generalizable trends are now estab-
lished. Predominantly hydrophobic compounds (e.g., aro-
matics, alkanes) intercalate into the membrane and alter
membrane fluidity; therefore, responses that counteract
this perturbation frequently include inner membrane lipid
modifications. Cis-to-trans isomerization in fatty acids is
documented to occur within minutes of solvent exposure in
Pseudomonas strains [28], while increases in cyclopropyl
Table 1. Representative solvent-like fuels and chemicals
Compound Type of use Host strain Typical recent
productiona,b (g/l)
Log Pc Toxicitya,d
(% v/v)
C4 n-Butanol Fuel, solvent Escherichia coli
Clostridium acetobutylicum
Pseudomonas putida
30 [11]
5–19 [8,9,103]
0.12 [104]
1.12 1.5%
1.6%
1.5%
Isobutanol Fuel, solvent E. coli 50 [11] 0.80 0.8%
1,4-Butanediol Polymer precursor E. coli 18 [6] 0.41 2%
C5 n-Pentanol Fuel, solvent E. coli 0.486 [98]
2.2 [11]
1.62 0.1%
3-Methyl 1-butenol Fuel, solvent E. coli 4.4–9.5 [60] 0.1%
3-Methyl 3-butenol Fuel, solvent E. coli 1.5 [84] 1.36 0.1%
Isopentanol Fuel, solvent E. coli 2.2 [105] 2.57 0.1%
C6/7 n-Hexane Solvent E. coli n.r. 3.66 104-fold decrease
in CFUs
1-Hexanol Solvent E. coli 0.047 [11] 3.14 7.8 3 103 mM
1-Hexene Polymer precursor E. coli n.r. 3.14 70 mg/L
Toluene Fuel additive E. coli
P. putida
n.r.
n.r.
2.39 0.04%
0.3%
C8 Styrene Polymer precursor E. coli 0.260 [63,106] 2.79 100 mg/L
p-Hydroxy styrene Polymer precursor E. coli
P. putida S12
3.3 mM [102]
4.5 mM [62]
0.5 g/l
tolerant
1-Octanol Biodiesel, solvent E. coli 0.015–0.1 [77] 3.14 0.025%
Adipic acid Polymer precursor E. coli 0.64 mg/l [9] 0.36 n.r.
C10 Geraniol Fuel – n.r. 3.20 0.05%
Limonene Fuel, disinfectant E. coli
Synechococcus
sp. PCC 7002
0.4 [97]
0.4 mg/l [107]
3.61 0.025%e
n.r.
Alpha-pinene Fuel, disinfectant E. coli 0.028 [108] 3.54 0.5%
C15 Bisabolene Fuel E. coli
Synechococcus
sp. PCC 7002
0.9 [109]
0.6 mg/l [107]
5.36 n.d.
n.r.
FFA (C8–C12) Fuel E. coli 0.8–1 [110,111] n.a. Tenfold decrease
in CFUs
Fatty acid ethyl
esters (FAEEs)
Fuel E. coli 0.580 [9] n.a. n.d.
CFU, colony-forming unit; n.d., none detected; n.r., not reported; n.a., not applicable.
aValues listed do not take into account differences such as medium used, glucose levels, aeration, cultivation mode (batch, fed batch, or continuous), scale, and time of
measurement.
bFor additional production parameters and additional organic acids, diacids, alcohols, and diols, see [9,23].
cLog P values (Box 1) obtained from the miLogP site (http://www.molinspiration.com/services/logp.html).
dToxicity is reported using very different assays in the literature [15,20,23,65,75,86,101,102]: % values represent v/v levels sufficient to cause decrease in growth by at least
half of optimal growth in the given media.
eAcute limonene toxicity is caused by products of limonene oxidation such as limonene hydroperoxide [132].
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33] are also reported and occur at later time points. Sub-
sequently, pumps are induced to export the product and
minimize the solvent presence within the cell (e.g., AcrAB-
TolC, TtgABC, SrpABC [15,32,34]). Non-optimal mem-
brane fluidity results in disruption of membrane-bound
complexes, adversely affecting energy-generating com-
plexes (TonB, ion and H+ transport, and ATP synthesis
[32]), metabolite loss [23], and general extracytoplasmic
stress [24], comprehensively reviewed by Nicolaou et al.
[3]. In response to protein misfolding and damage, upre-
gulation in chaperones and degradative complexes (e.g.,
GroESL, ClpB) are often observed during solvent exposure
[2–4,19,35]. This is an especially strong component of the
stress response for solvents with polar groups (e.g., short-
chain alcohols) [18,19,23,35], which have greater solubility
in the media and access into the cell. Several studies also
report the generation of reactive oxygen species (ROS)
during exposure to short-chain alcohols, such as n-butanol,leading to signature oxidative stress-response cascades
[21,24,36]. It is worth noting here that highly polar sol-
vents, such as ethanol, elicit a relatively different response
[37,38] and have a prominent chaotrophic aspect in the
stress imposed, which can uniquely be addressed using
osmotolerance [39].
Systems biology-guided engineering for improved
tolerance
Prominent categories of genes used in tolerance engineer-
ing include chaperones, membrane-modifying enzymes,
redox enzymes, transport pumps, and transcriptional fac-
tors [2–4,14]. Chaperones were first shown to increase
solvent tolerance in the solventogenic anaerobe Clostri-
drium acetobutylicum [12], where overexpression of the
chaperone GroESL improved tolerance to n-butanol by
65% [40]. This strategy has now been extended to other
hosts, such as Escherichia coli, where co-overexpression
of GroESL and ClpB lead to dramatic improvements in499
Box 1. Methods and parameters used to study solvent
exposure in microbes
Tolerance studies are often conducted with exogenous addition of
the target compound into the microbial culture. When added
exogenously, the bioavailability (and correspondingly the toxicity)
of the solvent is primarily, but not solely, dictated by its solubility in
the media. The solubility of a compound in water can generally be
extrapolated to solubility in the growth medium. However, the
colligative properties of the medium and specific conditions such
as temperature, humidity, aeration, the scale of cultivation, and
headspace in the cultivation vessel will also impact the solubility.
Most critically, the presence of cells in suspension also impacts
bioavailability by providing a hydrophobic phase that solvents can
partition into and enhance the toxicity of compounds with hydro-
phobic groups. The solvent-like compounds being studied for micro-
bial production range from highly hydrophobic compounds such as
monoterpenes and aromatics to solvents that also contain polar
groups such as alcohols, ketones, and acids (see Table 1 in main
text). An indirect metric to assess the ability a compound to access
the cell membrane is its partition coefficient (log P), defined as the
ratio of the concentration of a compound between an aqueous and a
hydrophobic phase (log PM/W = 0.97 3 log PO/W – 0.64 [112]), typically
1-octanol [31,112,113]. Compounds with log P ranging from 1 to
4 tend to be toxic to microbial growth [31,32,112–115]. Solvents with
log P greater than 4 would be highly insoluble in the medium, leading
to little or no bioexposure. Compounds with log P < 1 are typically
water soluble and impose toxicity via mechanisms different from the
hydrophobic solvent-like compounds. Many compounds being ex-
plored for solvent tolerance are also volatile organic compounds
(VOCs). Examples include medium-chain nonpolar hydrocarbons,
C4–C8 alkanes, and alkenes. VOCs are challenging to examine via
addition to a microbial culture in liquid medium due to swift eva-
poration. Because of this difficulty, alternate methods have been
developed to examine the exposure or production of such com-
pounds, including a saturated environment or overlay assays using
agar plates or saturated headspace with gastight closure [75,86]. In
many cases (e.g., styrene, toluene), polystyrene plastics cannot be
used, polypropylene plastics may also be sensitive to long-term
contact, and glass vials may be essential.
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[25]. More recently the heterologous expression of thermo-
philic chaperones from thermophilic bacteria has been
shown to increase ethanol tolerance in a broad range of
bacteria such as C. acetobutylicum, E. coli, and Zymomo-
nas mobilis and their use has been proposed in the manu-
facture of several solvents including ethanol, butanol, and
other short-chain alcohols [41]. Similar to protein misfold-
ing, ROS-related protein damage has been addressed by
overexpressing redox enzymes. An interesting case is that
of an E. coli alcohol dehydrogenase gene, yqhD, that
responds to solvents and toxins as diverse as alcohols
(e.g., n-butanol [24,42]) and byproducts of sugar desicca-
tion (e.g., furans [43]). YqhD may provide general redox-
related relief, probably by acting as a broad substrate
scavenger of toxic aldehydes [43]. In Synechocystis sp.
strain PCC 6803, n-butanol-related ROS stress could be
ameliorated using the small heat shock protein HspA
[21]. Mechanisms that may address the toxicity upstream
of intracellular damage include maintenance of membrane
integrity during solvent accumulation. Membrane lipid
modifications via cis–trans isomerases [44], desaturases
[16], epoxidases [45], and increased cyclopropyl groups [32]
have been used to alter membrane fluidity and increase
tolerance. Export pumps that lower the accumulation of500the toxic final product inside the cell are especially effective
in imparting tolerance and are discussed in greater detail
in later sections.
Candidates used for tolerance engineering are often
part of the general or specific stress-response regulons.
Regulators alleviate toxicity by addressing the direct and
indirect impact of solvent exposure. Historically, derepres-
sion of regulons associated with resistance to multiple
antibiotics (e.g., MarR, SoxS, and Rob in E. coli) has
resulted in solvent tolerance, often via increases in efflux
pump expression [46–48]. Studies on isobutanol tolerance
have revealed a role of the Fur regulon (encoding genes for
iron uptake) in E. coli hypothesized to have a downstream
impact on membrane lipid composition [19]. Recently,
MetR upregulation was found to impart significant toler-
ance to isopentenol stress in E. coli [42]. Methionine bio-
synthesis is generally sensitive to environmental stresses
[49] and MetE specifically to oxidative stress [50]. The
upregulation of MetR possibly relieves a temporary methi-
onine auxotrophy caused by isopentenol stress by allowing
higher levels of this amino acid to be generated. Regulators
in other metabolic pathways also impact solvent tolerance;
where deletion of some lead to sensitivity (e.g., arcA),
others resulted in tolerance toward hexane and cyclohex-
ane in E. coli (e.g., fnr, cya) [51]. The role of several E. coli
regulators, including ArcA, has been delineated for n-
butanol and isobutanol stress response [22]. Overexpres-
sion of transcriptional factors (e.g., SigE [52]) and regula-
tors (e.g., Srl1037 [53]) has also been shown to improve n-
butanol tolerance in Synechocystis sp. PCC 6803. Regula-
tors and transcriptional factors can provide a powerful hub
that can be manipulated for targeted yet multigenic toler-
ance engineering. Regulators also instigate complex mul-
tigenic responses that would be challenging to recapitulate
using individual manipulations. The tremendous potential
of global regulators in obtaining complex phenotypes is
best executed using the global transcriptional metabolic
engineering (gTME) strategy, which involves generating a
randomly mutagenized library of a global stress regulator
that is then screened for a desired phenotype. Developed in
Saccharomyces cerevisiae and E. coli, this method has seen
broad use in obtaining tolerance traits [54,55]. Similarly,
manipulation of global signaling compounds can also be
used in conjunction with improved solvent-tolerance phe-
notypes, as was done for isobutanol tolerance using cyclic-
di-GMP receptors [51]. New technologies for genome edit-
ing (e.g., large clustered regularly interspaced palindromic
repeats – interference (CRISPRi) libraries [55–57]) and
targeted gene regulation [58] allow us to target multiple
genes simultaneously and provide powerful new
approaches in solvent-tolerance engineering. Genome
shuffling across multiple strains with desirable pheno-
types, coupled with strong selections or screens, can also
be a potential approach to obtain robust strains [59].
Does tolerance improvement lead to increased
production?
For successful bioprocessing, the goal of tolerance improve-
ment is also to increase the final production levels. In
process development, the removal of a toxic final product,
such as by two-phase fermentation, has been shown to
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[9,60] and aromatic acids and olefins [61–63], and this
supports the notion that relief from a toxic stress could
enhance production.While growth and production are deep-
ly connected, a tolerance gene that provides a growthbenefit
might have limited impact on improving production if there
are other pathway-related regulations that prevent further
increase or if the tolerance mechanism does not directly or
indirectly impact the metabolic pathway. It is not uncom-
mon to have a tolerant strain that does not show enhance-
ment in production. In a recent study, several genes were
identified that respond to free fatty acid (FFA) toxicity inE.
coli and could be used to obtain significant increases in
viability and tolerance during FFA overproduction
[20,64]. However, while deletion of the genes, several encod-
ing transporters (e.g., tolC), severely diminished both toler-
ance and production, the corresponding upregulation
improved tolerance but did not enhance production. In
another such example, overexpression of soxS, a known
solvent-tolerance candidate [46] in E. coli that is induced
during isopentenol exposure [42], resulted in enhanced
isopentenol tolerance, but again no corresponding increase
in production was observed when soxS expression was
coupled with a production pathway [42].
However, there are examples where improved tolerance
has been directly linked to increased production. In a
recent study, improvement in salt tolerance led to an
increase in ethanol tolerance as well as a dramatic increase
of ethanol production in S. cerevisiae [39]. Ameliorating
salt (Na+) stress, via either the addition of K+ ions or
the engineered upregulation of a K+ high-affinity pump
(TRK), led to improvements in both ethanol tolerance andTable 2. Examples of solvent-tolerance engineering, categorized b
assayed
Tolerance
mechanism
Solvent Mechanisma
(organism)
Chaperones n-Butanol
3-Methyl
2-butenol
GroESL (C. a.)
IbpB (E. c.)
Membrane
related
FFAs Daas (E. c.)
RND efflux
pumps and
other
transporters
Limonene
3-Methyl
2-butenol
Styrene
1-Octanol
FFAs
(C8–C12)
AcrAB-TolC (E. c)
and other RND pump
homologs
MdlB (E. c.)
DacrAB (E. c.)
DacrA (E. c.)
DtolC (E. c.)
DacrAB (E. c.)
DemrAB (E. c.)
Redox enzymes 3-Methyl
2-butenol
YqhD (E. c.)
Fpr (E. c.)
Regulators 3-Methyl
2-butenol
MetR (E. c.)
SoxS (E. c.)
aMechanism listed is typically overexpressed, unless specified otherwise (e.g., deletio
bTolerance or fitness measured differently across studies and includes the ability to grow
growth impact during production. Sensitive, indicates that gene deletion led to incre
inhibitory concentration.production (although only in mediumwhere K+ is limiting)
and was postulated to be related to cellular H+ balance
[39]. In an earlier study, a survey of resistance–nodula-
tion–division (RND) efflux pumps from a wide range of
Gram-negative bacteria to improve solvent tolerance to-
ward advanced biofuels in E. coli led to the discovery of
pumps that bestowed significant tolerance to and in-
creased production of highly toxicmonoterpene compounds
[65]. Most recently, a functional genomics survey of iso-
pentenol stress identified gene candidates that also in-
creased both tolerance and production [42]. Therefore,
strain engineering specifically targeted for tolerance im-
provement can also lead to increased production.
Transporters have specific importance in tolerance
engineering
Traditional metabolic engineering for the production of
metabolites has routinely benefited from strain engineer-
ing where the export of a metabolite increases yields
[66]. This strategy has obvious benefits when applied to
metabolic engineering for the production of solvents.
Transporters are a major mechanism for relieving toxicity,
which is well studied in the context of antibiotic tolerance,
and they export a vast range of compounds. They also
provide a direct and elegant route to separate the solvent
from themicrobial cell and potentially provide a pull on the
bioconversion pathway.
Solvent-tolerance transporters have been encountered
in both model bacteria such as E. coli and naturally sol-
vent-tolerant microbes (Box 2). Specifically, the RND class
of efflux pumps forms the basis of solvent tolerance in
many Gram-negative bacteria [15,32,34,67], althoughased on strategy, where both tolerance and production were
Tolerance
increaseb
Production
increase (%)
Refs
85%
n.s.
33–40%
16%
[40]
[42]
Higher cell counts 126% [111]
Increase in MIC
Decreased lag
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive
65%
12–60%
Required
Required
Required
Required
Required
[65]
[42]
[75]
[77]
[20]
[20]
[20]
Decreased lag
Decreased lag
19%
19%
[42]
[42]
Decreased lag
Decreased lag
55%
n.s.
[42]
[42]
n). Strains: E. c., Escherichia coli; C. a., Clostridrium acetobutylicum.
in higher levels of the solvent, improvement in viability, reduced lag, and reduced
ased sensitivity and decreased production; n.s., not significant; MIC: Minimum
501
Box 2. Solvent-tolerant microbes and choice of microbial
host strains
Pseudomonads are some of most solvent-tolerant microbes. With
extensive and redundant capacities for short-term (cis-to-trans [28])
and long-term (increase in saturation [32]) phospholipid fatty acid
(PLFA) modifications and potent efflux systems (TtgABC, TtgDEF,
and TtgGHI in Pseudomonas putida DOT-T1E [26,67] and SrpABC in
P. putida S12 [15]), these microbes have superior tolerance to BTEX
(benzene, toluene, ethylbenzene, xylene) chemicals as well as other
hydrocarbons (e.g., n-hexane, cyclohexane). In general their native
resilience toward compounds with log P < 4 (Box 1) is higher than
industrial hosts such as Escherichia coli. Examples of other natively
tolerant microbes include Alcanivorax borkumensis and Acinetobac-
ter venetianus, known for their capability to thrive in hydrocarbon-
rich environments and also capable of modulating their cell wall
fluidity and efflux pumps [116–118]. Fascinatingly, A. borkumensis
and A. venetianus, similar to Pseudomonas oleovorans, are best
studied for their capacity to metabolize hydrocarbons [118] and also
biosynthesize surfactants to emulsify and increase the bioavailability
of water-immiscible hydrocarbons [116,117]. Correspondingly, the
genes for solvent tolerance and solvent metabolism are often highly
regulated and also well studied [118]. Many pseudomonads are also
naturally capable of using aromatic compounds as a carbon source
via the beta-ketoadipate pathway [119], a valuable metabolic capacity
when considering recalcitrant but abundant renewable materials,
such as lignin, as feedstock. Metabolic pathways from these mi-
crobes have already been tested in other hosts as have their tolerance
mechanisms. Historically evaluated for applications relating to bior-
emediation of toxic effluent and spills, these microbes present many
highly desirable phenotypes not only for two-phase biocatalysis
[32,112] but also for bioproduction of aromatic compounds
[62,102]. Their use as production hosts has lagged, possibly due
to a lack of advanced strain-development tools compared with model
organisms such as E. coli and Saccharomyces cerevisiae. However,
recent studies are starting to examine P. putida strains with enhanced
tolerance to polar solvents (6% n-butanol [120]) and have also
initiated their use for the production of biofuels and chemicals
both from glucose [62,98,121] and from alternative carbon sources
[122].
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(Figure 1). In E. coli mutant strains selected for organic-
solvent tolerance (e.g., OST3410, TK31, TK33 [47]), the
tolerance phenotype to hexane and cyclohexane was attrib-
uted to upregulation in the RND efflux pump (AcrAB-TolC)
[47] and an ABC transporter (ManXYZ) [68], although
other genes also played a role. Other examples include
the nativeE. coli aromatic acid exporter AaeAB, which was
a strain-engineering target in the improvement of styrene
production [61].
Due to their prevalence in antibiotic resistance, the
tripartite RND efflux pumps are a very well-examined
protein complex, with well-explored substrate ranges
[69], crystal structures [70,71], and mechanistic evalua-
tions [72,73]. The substrates of these multiple antibiotic-
resistance pumps range from hydrocarbons to detergents
[69], making them a promising target for tolerance engi-
neering. They are being adopted as the model system to
develop tolerance in Gram-negative bacteria for hydropho-
bic solvents. The survey of RND efflux pumps in E. coli
indicated the native E. coli AcrAB-TolC pump as a power-
ful candidate for tolerance toward several monoterpene
hydrocarbons [65]. This library also contained RND efflux
pumps from several other organisms that could be further
optimized or used in combination with the native AcrAB
system for highly enhanced tolerance phenotypes502[65,74]. The AcrAB-TolC system, and specifically the AcrB
protein, have been used in directed-evolution studies to
further improve its activity for solvents such as 1-hexene
[75], a-pinene, and 1-octanol [76] and several mutations
that may affect substrate specificity or protein assembly
have been identified (Figure 2). AcrAB-TolCwas also found
to be required for wild type tolerance and maximal pro-
duction of aromatic compounds such as styrene [75] and
the long-chain alcohol 1-octanol [77] inE. coli. In the case of
1-octanol, deletion of acrA led to a threefold reduction in
total levels of the final product attributed specifically to
reduced levels in the media fraction, indicating that
AcrAB-TolC exports this compound and is required for
optimal production [77]. However, despite its broad sub-
strate range this RND pump may be specific to hydropho-
bic compounds, as it does not provide tolerance toward
more polar compounds such as short-chain alcohols
[65,78]. Consistent with this, two studies report that dele-
tion or inactivation of AcrB results in higher tolerance
toward isobutanol [17,18]. An exception to this is a direct-
ed-evolution exercise that led to AcrB variants that in-
creased tolerance to n-butanol [79]. However, an important
factor to consider when evaluating such studies is that
deletion of acrB is shown to cause differential expression of
other genes, including those that encode transporters
[80,81], which in turn may influence the tolerance pheno-
type toward a given solvent. Deletion of acrB has also been
found to result in a defect in non-proteinaceous Ca2+
channeling [82], although the mechanism for the pheno-
type remains to be elucidated. In general, indirect effects of
membrane protein deletions need to be considered, since
membrane and membrane-associated proteins are known
to impact membrane lipids and vice versa [83].
For short-chain alcohols, ABC transport pumps may
provide effective tolerance. In a study to improve isopen-
tenol tolerance in E. coli, upregulated genes spanning
several functional groups were chosen for tolerance engi-
neering [42]. The targets included an ABC transporter,
MdlB, that when overexpressed led to a production im-
provement of up to 66% relative to wild type. It remains to
be proven whether MdlB exports the intracellular isopen-
tenol or bestows tolerance via an alternative mechanism.
The heterologous pathway that was used for isopentenol
production generates inhibitory intermediates {e.g., iso-
pentenyl pyrophosphate (IPP) [84]}, the export of which
may also provide improved tolerance. The native function
of MdlB is poorly understood; however, it provides a new
class of transporters to evaluate for tolerance engineering.
ABC transporters have also been used for improving the
export and production of longer-chain alkenes in E.
coli. Carotenoids were studied as proxies for terpenoid
biofuels, and the evaluation of the native E. coli MsbA
transporter and homologs from other bacteria indicated
that these pumps could export the final product and
resulted in an increase in production titer [85]. The E. coli
genome encodes several other classes of export pumps. The
roles of a few of these pumps have been evaluated in the
context of solvent tolerance and examples are provided in
Figure 1 and Table 2. Although not reviewed here, impor-
tersmay also play a role in solvent tolerance [13] and in one
example the deletion of a proline/glycine betaine uptake
[(Figure_1)TD$FIG]
Figure 1. Classes of Escherichia coli cellular transporters routinely implicated in solvent tolerance. These include the major facilitator superfamily (MFS), small multidrug
resistance (SMR), ATP-binding cassette (ABC transporter), and resistance nodulation division efflux pumps (RND HAE) and the multidrug and toxic compound extrusion
(MATE) transporters. Examples of other transporters are XanQ and XasA, which belong to the APC superfamily. Selected native E. coli inner membrane proteins in each
category are listed. Candidates in green are known to improve tolerance to polar and nonpolar hydrocarbon solvents; candidates in red are known to improve both
tolerance and production of solvent-like compounds; candidates in blue are where a knockout resulted in an improved-tolerance phenotype; examples in grey have not yet
been tested for solvent tolerance. References for candidates shown with known solvent-tolerant phenotypes are: SetA, YgfO [19], GlpF [123], MdlB [42], ManY [68], AcrB
[18,20,65,75–77,79], AaeB [124]; MdtF, MdtB, EmrB [20]; and ProV [86], and have been studied in the context of tolerance to hexane, cyclohexane, n-butanol, isobutanol,
isopentenol, 1-octanol, 1-hexene, monoterpenes, aromatic acids, and free fatty acids. The E. coli genome encodes about 295 proteins categorized as transporters of which
53 are linked to export [125]. Older reviews on antibiotic-resistance and multidrug-resistance pumps [126] and studies that have explored the substrate specificity across a
range of transporters [127,128] provide excellent overviews of pumps that may also be relevant to solvent tolerance.
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n-hexane in E. coli [86].
Challenges in tolerance engineering with membrane-
bound transporters
Since membrane-bound transporters have specific value in
imparting tolerance phenotypes and in improving produc-
tion, it is desirable to express heterologous transporters,
increase the levels of native transporters, or combine
several transporters that bestow tolerance toward the
various inhibitors encountered in the course of bioconver-
sion of renewable sugars to fuels or commodities. However,
beyond the considerations usually made when overexpres-
sing proteins in a microbial strain, expression of mem-
brane proteins, both native and heterologous, presents a
greater level of challenge. Diverse research fields that
require the overexpression of membrane proteins have
reported dramatic growth defects in their studies
[65,75,87,88]. Therefore, tolerance engineering using
transporters needs to balance the benefits of the increased
solvent tolerance with the burden from the membrane
protein expression [74,89].
Systematic studies to explore the consequences of mem-
brane protein overexpression have found that overutiliza-
tion of the translocation pathways is the major
physiological bottleneck. An insightful series of articles
in a recent issue of Biochimica et Biophysica Acta covers
the diverse aspects of membrane protein biogenesis and
also explores bottlenecks in membrane protein expression
[90]. The SecYEG complex [91] and the YidC pathway [92]
are responsible for the translocation of a large number ofproteins that includes essential membrane-localized com-
plexes as well as many of the ABC and RND transporters.
As a result, overexpression of membrane-bound transpor-
ters indirectly impacts a large number of essential func-
tions performed by membrane-localized complexes by
impacting their localization [88,91,93].
Overexpression of membrane proteins also has down-
stream effects on central metabolism, resulting in acetate
production and lowering of tricarboxylic acid (TCA) cycle
enzymes [88,94]. Further, it has been proposed that the cell
membrane has a finite loading capacity. Based on a stoi-
chiometric model in E. coli that included a constraint on
total membrane space, Zhuang et al. [95] suggested that
glucose or oxygen availability results in competition for
membrane space between glucose transporters and elec-
tron transfer chain components or between high- and low-
efficiency cytochromes. It may therefore be reasonable to
speculate that the occupancy of membrane space by pro-
teins has upper limits and overexpression of a membrane-
associated transporter may lead to indirect consequences
due to the alternative selections among other pathways
and complexes.
Overcoming challenges in transport protein expression
Challenges in membrane protein expression have been
best addressed in the area of membrane protein crystal-
lography, where the goal of the protein expression is
primarily to obtain greater levels of soluble protein for
subsequent purification. Efforts spanning many research
groups and many decades have resulted in a myriad of
solutions, such as coexpression of chaperones that assist503
[(Figure_2)TD$FIG]
Figure 2. AcrB, the inner membrane subunit of the Escherichia coli AcrAB-TolC pump. AcrB is shown from the side and top, in its native trimer conformation with the
monomers shown in green, blue, and pink (A). Residues in AcrB associated with mutations that led to changes in solvent-tolerance profiles in E. coli are shown in red
(B). The figure was prepared using Pymol (Schro¨dinger, LLC) and integrates data from several directed and laboratory evolution studies focusing on 1-hexene [75], a-
pinene, octane [76], and n-butanol [79]. Mutations in AcrB are also known to deactivate this pump and lead to improved tolerance toward isobutanol [18]. The locations of
the mutations span the entire secondary structure of the protein. Positions A279 and F617 may be involved in substrate docking. The residues imparting maximum
improvement in each case are highlighted in bold (B) and also shown together in the trimer views (A).
Review Trends in Microbiology August 2015, Vol. 23, No. 8with protein assembly and translocation and growth con-
ditions that best suit protein expression and folding and
are now routinely used to obtain greater levels of folded
membrane protein. Reviewed byWagner et al. [93], several504of these solutions would also be suitable for tolerance
engineering.
Most membrane protein overexpression efforts, includ-
ing those for tolerance engineering, use inducible promoter
Review Trends in Microbiology August 2015, Vol. 23, No. 8systems (e.g., Plac, Pbad, Ptet) with externally added indu-
cers. Such expression systems allow constant and static
expression of the gene of interest, in many cases even when
no solvent exposure or accumulation has occurred, unlike
native regulation where tolerance pumps are highly regu-
lated. Therefore it follows that the expression of a pump
only when required could allow us to minimize the growth
burden. When offsetting the growth impact from solvent
accumulation using a pump, a model comparing various
control systems suggested that dynamic control would
result in higher fitness relative to static externally induced
control [89]. This prediction was successfully tested using
the heterologous MFS pump EilA (Box 3). Expression of
this pump using native E. coli promoters that respond to
ionic liquid as a stressor resulted in a strain that has
greater fitness relative to the pump regulated by an
IPTG-induced Plac promoter [96]. Dynamic expression of
genes involved in tolerance is an important route to ex-
plore, to constrain the required gene expression to only
when the tolerance phenotype is required, and to minimize
the number of inducible promoters being used in strain
engineering. Studies that explore the optimal control of
tolerance genes, such as transporters, will become critical
when integrating multiple tolerance and biosynthesis-re-
lated genes into the same strain.
Given the limits on the expression of tolerance pumps,
developing or obtaining transporters that function with
greater efficiency within this limit would allow us toBox 3. Bottlenecks and toxicity in other steps of biofuel
production
The initiation of large programs to engineer microbial strains for
biofuel production also resulted in studies that explored various
discoveries addressing key bottlenecks during microbial cultivation
and biotransformation of renewable biomass [2,3,5,115]. A large
body of work has added to solutions for inefficient carbon uptake,
growth inhibitors that arise from biomass pretreatment, residual
reagents in saccharification, inhibitory byproducts, and other indus-
trial growth conditions that negatively impact microbial growth. In
the context of this review, noteworthy examples include tolerance
engineering toward inhibitors arising from biomass processing and
byproducts of the biotransformation pathway. Desiccation of hexose
and pentose sugars during acid hydrolysis results in furans that pose
significant toxicity to cellular growth and have been ameliorated with
targeted use of alcohol dehydrogenases [43] and gene discovery
using metagenomic mining [129]. Monolignols released during pre-
treatment are also toxic to microbial cell growth and will require
strain engineering if these components are not removed before
media preparation, or if lignin itself is being used as the carbon
source. Pretreatment of biomass using reagents like ionic liquids is a
powerful emerging technology, but also results in downstream
toxicity due to residual reagents in the carbon source used for
microbial cultivation. Ionic liquid toxicity [specifically, ethyl methyl
immidazolium (EMIM) chloride] has been effectively addressed in
Escherichia coli using a heterologous MFS pump (EilA) from a novel
EMIM Cl-tolerant organism, Enterococcus lignolyticus [130]. As with
solvent-tolerance pumps, EilA also imposes a cellular burden when
overexpressed and requires the native E. ligolyticus repressor, en-
coded upstream of the pump gene, to impart optimal tolerance.
Byproducts and intermediates of metabolic pathways include inhi-
bitors such as isoprenoid pyrophosphates and acetate that have also
been addressed via pathway optimization [84] and tolerance engi-
neering [131].bypass, rather than overcome, this challenge. This has
been accomplished in the case of AcrAB-TolC using direct-
ed evolution for several different solvent substrates
[75,76,79], where an evolved variant at the same level of
expression can result in an increase in tolerance by 25% to
1-hexene [75] and increase efflux by 51% for n-octane and
300% for a-pinene [76]. Heterologous proteins from other
microbes may also provide candidates that function better
than native candidates [65,85]. There are several resources
available that can be used to expedite strain engineering
using transporters. A recently published review focuses on
this specific topic and provides an excellent overview of
transporters that are relevant to both influx and efflux, in
the context of metabolite production as well as whole-cell
catalysis [13].
Concluding remarks and future directions
Sufficient studies have now proved that end-product toler-
ance can improve production and strain robustness. How-
ever, research conducted for pathway optimization has
proceeded in a manner somewhat parallel with that for
tolerance improvement. With more highly productive
strains becoming available [17,84,97,98], the most impor-
tant efforts will be those that combine tolerance pheno-
types into production strains (Box 4). Further, most of the
efforts in tolerance engineering have relied on improving
the native gene function and capabilities of a host microbe.
As more heterologous genes are incorporated into model
hosts such as E. coli, the diversity of corresponding model
strains available for metabolic engineering will also
increase. On the topic of natural diversity; organisms that
have native tolerance to a wide range of conditions
have always been known (Box 2) but have remained
challenging targets for strain and metabolic engineering.
Yet, other organisms, such as cyanobacteria, offer autotro-
phic production of bulk compounds [99,100] and are also
being engineered for improved-tolerance phenotypes
[21,27,52,53]. With the recent advances in high-through-
put genome editing and evolution [55], these non-model
microbes can now be seen as attractive new host platforms.
Finally, important studies that are yet to be reported are
those that will examine the resilience of these phenotypes
during scale up into larger production and the impact of
improved tolerance on improving the economic value of the
process.Box 4. Outstanding questions
 As strain-engineering methods become more powerful and higher
in throughput, will we continue to develop tolerance and fitness
phenotypes in model hosts such as Escherichia coli or will it
become more desirable to engineer production pathways in
non-model but natively tolerant bacteria?
 Can single strains be stably engineered to have numerous new
phenotypes such as higher fitness to toxins, superior carbon
uptake, and high flux through bioconversion pathways?
 How will engineered solvent-tolerant microbes perform during
industrial scale up; that is, in greater cell densities, at high growth
rates, and with very high accumulation of final products?
 Specifically, in the use of efflux pumps, does efficient export come
at the cost of specificity? That is, is it better to have a pump that is
highly specific or one that has greater export rate?
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